Background--Autonomic imbalances including parasympathetic withdrawal and sympathetic overactivity are cardinal features of heart failure regardless of etiology; however, mechanisms underlying these imbalances remain unknown. Animal model studies of heart and visceral organ hypertrophy predict that nerve growth factor levels should be elevated in heart failure; whether this is so in human heart failure, though, remains unclear. We tested the hypotheses that neurons in cardiac ganglia are hypertrophied in human, canine, and rat heart failure and that nerve growth factor, which we hypothesize is elevated in the failing heart, contributes to this neuronal hypertrophy.
R
egardless of etiology, whether ischemia, increased afterload, infection, or idiopathic, heart failure is associated with autonomic imbalances including sympathetic overactivity and parasympathetic withdrawal. [1] [2] [3] [4] [5] [6] Such imbalances contribute to the myocardial hypertrophy associated with heart failure and accelerate the process leading to failure of the heart. 2, 6 Furthermore, parasympathetic activity protects patients from most cardiac arrhythmias including ventricular tachycardias and ventricular fibrillation as well as from sudden cardiac death; 7, 8 sympathetic activity and increased cardiac catecholamines, however, predispose patients to arrhythmogenesis and sudden death. 9 Autonomic imbalances in heart failure, then, contribute to the compromised hemodynamics of the failing heart and the morbidity and mortality associated with heart failure; despite this, the neural mechanisms underlying autonomic imbalances in heart failure remain largely unknown. Electrophysiological studies in canines with pacing-induced heart failure, though, have shown that cardiac ganglia are the primary site of defective neurotransmission of vagal impulses in heart failure. 5, 10 Stimulation of preganglionic vagal fibers or postganglionic neurons in cardiac ganglia, with and without ganglionic blockade, reveals that changes in preganglionic parasympathetic neurons in the brainstem or postganglionic neuronal effector sites, including nodal or myocardial tissue, do not significantly contribute to the parasympathetic withdrawal in heart failure. Rather, the vagal withdrawal occurs because of changes within cardiac ganglia.
message or protein levels of nerve growth factor in the myocardium. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Whether nerve growth factor levels are similarly elevated in patients with heart failure is suggested; 24 however, this remains largely unresolved. Interestingly, experimental overexpression of nerve growth factor in mice leads to myocardial hypertrophy, sympathetic ganglia hypertrophy, and increased catecholamine spillover. 13 Furthermore, cardiac nerve growth factor levels are elevated in spontaneously hypertensive rats, which develop cardiac hypertrophy secondary to hypertension, compared with their Wistar-Kyoto, normotensive controls. 11, 12 Chronic administration of nerve growth factor to newborn Wistar-Kyoto rats leads to hypertrophy and hyperplasia of cardiac sympathetic neurons and cardiac catecholamine content that exceeds levels found in spontaneously hypertensive rats. 25 Hypertrophy of the bladder or colon, as in Hirschsprung's disease, is also associated with elevated nerve growth factor levels, hypertrophy of autonomic neurons innervating the bladder or colon, and increased catecholamine synthesis and release. 26, 27 If nerve growth factor levels are similarly elevated in hypertrophied human hearts, then neurons in cardiac ganglia may hypertrophy as well. Compared with smaller neurons, hypertrophied neurons have decreased input resistance, due to an increased number of leak channels, and greater membrane capacitance due to an increased surface area; thus, hypertrophied neurons require more current to reach threshold. [28] [29] [30] [31] Hypertrophy of neurons in cardiac ganglia would, therefore, render them significantly less excitable and help to explain the parasympathetic withdrawal associated with heart failure.
In the present study, we sought to test the following hypotheses: one, neurons in cardiac ganglia from hypertrophied or failing human, canine, and rat hearts are hypertrophied compared with those from normal controls; two, nerve growth factor levels are elevated in explanted, failing human hearts compared with healthy donor hearts; and three, parasympathetic neurons from cardiac ganglia cultured with nerve growth factor, mimicking presumptive conditions in the failing heart, hypertrophy.
Materials and Methods
Human, Canine, and Rat Heart Tissue Human heart tissue procurement was in accordance with the Institutional Review Board and use of animals with the Institutional Animal Care and Use Committee at Loyola University Medical Center. Human heart tissue concentrated with cardiac ganglia (Figure 1 ; Table) was removed from hearts of patients without apparent cardiovascular pathology (n=5: 401 neurons sampled) and from those with autopsy-confirmed heart failure secondary to coronary artery disease and ischemia (n=5: 411 neurons); the tissue was immersion-fixed in 10% w/v buffered formalin (Sigma, St Louis, MO). In previous experiments, ischemic heart failure was induced in canines (weight, 20 to 27 kg; n=4: 364 Figure 1 . Posterior view of adult human heart showing distribution of cardiac ganglia on the surface (•) and in the interatrial septum (*). Cardiac ganglia adjacent to the sinoatrial and atrioventricular nodes (white ovals) were harvested for morphological studies from normal human hearts and those with ischemic heart failure; homologous regions from canines with ischemic heart failure and spontaneously hypertensive rats with heart failure secondary to hypertension were also harvested. Modified from Singh et al. 
Morphology and Image Analysis
Unbiased, quantitative stereology was used to measure somal profiles of neurons in cardiac ganglia. Serial cryostat (canine) or paraffin-embedded (human and rat) tissue sections, 10 lm thick, were placed on poly-L-lysine (Sigma) subbed slides and stained with hematoxylin and eosin Y (Sigma). The first tissue section was chosen randomly, and thereafter every 12th section examined. Every neuron in a section in which the nucleus and nucleolus were clearly visible was digitally captured at a magnification of 10009, and somal crosssectional area determined using NIH ImageJ (http://rsbweb. nih.gov/ij/); image files were coded so that the investigator was "blind" to the origin of the tissue. Mixed-model analysis using restricted-likelihood method of fit was used to determine if the morphology of neurons in failing hearts versus normal hearts was significantly different; all data are reported as meanAEstandard error of the mean.
Western Blot Analysis
Left ventricular tissue from normal donor hearts was obtained from aborted transplants (n=4: 28.8AE3.9 years; all male) and explanted human hearts with heart failure secondary to coronary artery disease and ischemia during separate transplant procedures (n=4: 51.8AE4.3 years; 3 males); all patients were New York Heart Association class IV with end-stage heart failure and left ventricle ejection fraction ≤35%. Tissue samples were flash-frozen in liquid nitrogen and stored at À70°C; after thawing, the heart tissue was homogenized in Tris-buffered saline (TBS: pH 7.5; Sigma) and cells lysed using a mammalian tissue lysis buffer (Sigma). Tissue sample homogenates were centrifuged at 5000g for 10 minutes at 4°C and protein concentrations determined using a bicinchoninic acid protein assay (Pierce) with bovine serum albumin (BSA) as the standard (Sigma). Thereafter, equal concentrations of protein were loaded in each well (100 lg) of a precast 10% sodium dodecyl sulfate polyacrylamide gel and current applied for 1 hour in a Mini-Protean electrophoreses module containing running buffer (Bio-Rad).
A Mini-Trans-Blot cell containing transfer buffer was used to transfer proteins onto nitrocellulose paper (Bio-Rad) with 35 mA of current for 1 hour. The nitrocellulose paper was washed three times in TBS and blocked using 5% nonfat dry milk and 3% BSA in TBS with 0.1% Tween 20 (TBS-T; Sigma). Rabbit-derived primary antibodies to nerve growth factor (1:1500; Chemicon) were incubated with the nitrocellulose paper in TBS-T for 1 hour and then washed. Goat-derived secondary antibodies linked to horseradish peroxidase (1:12000; Chemicon) were applied for 1 hour and the resulting blot blocked and washed. High-resolution X-ray film (Fuji Medical Systems) scans of horseradish peroxidaselinked chemiluminescence (Pierce, Rockford, IL) and NIH ImageJ were used to determine the density of chemiluminescence representing nerve growth factor; westerns were run in triplicates and data-pooled.
Cell Culture
Mixed cell cultures of neonate rat atrial tissue were prepared by rinsing atrial tissue in Hank's solution (Sigma) containing penicillin and streptomycin (5 mL; Sigma); the tissue was first cut and then digested with trypsin (0.4 mg/mL; Sigma) and collagenase (1.2 mg/mL; Sigma) for 1 hour at 37°C. Resulting tissue fragments were triturated and then centrifuged at 300g for 10 minutes. The supernatant was discarded and pellet resuspended in minimum essential medium (Gibco) supplemented with 10% fetal bovine serum (Atlanta Biologicals). Cells were plated at %5000 cells/cm 2 and incubated with either nerve growth factor (2 lg/mL; Chemicon [n=5:
181 neurons], without nerve growth factor [n=5: 259 neurons]), or antibodies to nerve growth factor (2 lL/mL; Chemicon [n=5: 271 neurons]), at 37°C in a 5% CO 2 and 95% air mixture for 5 days; culture media were replaced with like media on the third day. Neurons from each culture were digitally captured at 4009, and somal area determined using "blinded" image analysis. Mixed-model analysis using restricted-likelihood method of fit was used to evaluate statistical differences in the somal area of neurons incubated with nerve growth factor versus that of those without nerve growth factor.
Results

Neuronal Hypertrophy in Heart Failure
Hearts of patients with heart failure secondary to coronary artery disease and ischemia were markedly enlarged compared with normal hearts (788AE16.5 versus 368AE21. In the failing human and canine hearts examined in this study cardiac hypertrophy and failure occurred secondary to ischemia, leading to ischemic heart failure. In spontaneously hypertensive rats, however, hearts hypertrophied secondary to idiopathic hypertension and increased afterload, leading to nonischemic heart failure. Neurons in hypertrophied hearts of spontaneously hypertensive rats are, nonetheless, also hypertrophied compared with neurons from their normotensive Wistar-Kyoto controls (327.98AE3.15 versus 271.29AE 2.79 lm 2 ; P<0.01); see Figure 5 . The largest neuron observed in spontaneously hypertensive rat hearts was 708.32 lm 2 ,
whereas that in Wistar-Kyoto rats was 575.72 lm 2 . Thus, regardless of etiology, whether coronary artery disease and ischemia or secondary to hypertension and increased afterload, neurons in failing hearts are hypertrophied compared with neurons from matched controls.
Nerve Growth Factor in Failing Human Hearts
Western blot analysis of left ventricular tissue shows increased levels of nerve growth factor in explanted, failing human hearts compared with tissue from normal, donor hearts ( Figure 6 ). Density measurements of x-ray film exposed to horseradish peroxidase-linked chemiluminescence show that failing human hearts had over 250% greater levels of nerve growth factor than tissue from donor controls. In 1 failing human heart, the levels of nerve growth factor were more than 500% the average level in donor hearts. In arbitrary density units, the density of the nerve growth factor representing bands was 1829AE418 (n=4) in normal hearts and 4745AE1397 (n=4) in failing human hearts. Immunocontrols for antibody specificity included omission and preincubation controls for the primary and omission controls for the secondary. The immunostained band migrated at %146 kD, the molecular weight for nerve growth factor, further establishing specificity of the Western immunoprotocol.
Nerve Growth Factor in Cell Culture
Neonate rat heart cell cultures incubated with nerve growth factor for 5 days show marked neuronal hypertrophy compared with neurons cultured without nerve growth factor (1005.78AE50.48 versus 711.63AE29.71 lm 2 ; P<0.01); see Figure 7 . Qualitatively, the dendritic arborization of neurons cultured with nerve growth factor was notably more extensive than the arborization of neurons from control cultures. Cultures incubated with antibodies to nerve growth factor showed no somal or dendritic hypertrophy and in fact were atrophied compared with control cultures (327.07AE12.88 lm 2 ; P<0.01).
The mixed cell cultures were immunostained for neuronal markers, neurofilament-100, and choline acetyltransferase to confirm the phenotype of cells analyzed; further, the imaged cells were the only ones with extensive dendritic arborization, which is indicative of neurons.
Discussion Neuronal Hypertrophy and Vagal Withdrawal
Neuronal hypertrophy has significant consequences for the excitability of a neuron and the generation of action potentials. [28] [29] [30] [31] Hypertrophy of neurons in cardiac ganglia would render them significantly less excitable [28] [29] [30] [31] and, thus, would help to explain the parasympathetic withdrawal that occurs in human heart failure. According to Ohm's law,
Normal Human Heart Normal Human Heart
Ischemic, Dilated Human Heart Ischemic, Dilated Human Heart Figure 3 . Representative neurons in cardiac ganglia of normal human hearts (top) and those with ischemic heart failure (bottom). Image contrast and levels were identically adjusted in all photomicrographs. Neurons in ischemic, failing human hearts are conspicuously larger and appear more pale and edematous compared with neurons in normal hearts. Scale bars=20 lm.
ΔV=IR in , the current required to change the voltage across the membrane varies inversely with the input, or membrane, resistance; thus, lower input resistance means more current is required to change the membrane voltage. 29 Input resistance, in turn, is inversely proportional to the square of the radius of the cell: R in =R m /4pa 2 , where R m is the unit or specific membrane resistance, which depends only on the density and conductance of leak channels. 29 With neuronal hypertrophy, as the membrane surface area increases, the density of leak channels remains the same, and, therefore, the total number of leak channels increases; as a result, input resistance decreases. 29 Hypertrophied neurons also have increased membrane capacitance due to increased membrane surface area; thus, more charge is required to change the membrane voltage: ΔV=ΔQ/C, where Q is charge and C capacitance. 29 The internal capacitance of the cell, in turn, is directly related to the surface area of the cell: C in =C m Á4pa 2 , where C m is the unit or specific capacitance, which for biological membranes is 1 lF/cm 2 . 29 As a consequence of decreased input resistance, hypertrophied neurons have a shorter length constant (k=√R m /R i ), because the membrane excitation is essentially short-circuited through open leak channels. As a consequence of the increased capacitance, they have a longer time constant (s=R m C) and, thus, a given patch of membrane takes longer to reach threshold. 29 A useful analogy is that of a bucket (the neuron) and water (the current): as the number of holes in the bucket increases, the input resistance decreases and water simply dissipates through open channels, and more is required to fill the bucket or, by analogy, more current is required for the neuron to reach threshold. As the size of the bucket increases, the membrane capacitance increases, and more water and time are required to fill the bucket or, again, for the neuron to reach threshold. Although electrophysiological studies correlating hypertrophy of neurons in cardiac ganglia with membrane capacitance have yet to be done, direct electrophysiological measurements of membrane capacitance in hypertrophied sympathetic neurons, due to nerve growth factor overexpression, reveal an increase in membrane capacitance of 102% in phasic neurons and 44% in tonic neurons. 34 Based on our human somal morphology data, we calculated that membrane capacitance in hypertrophied neurons from failing human hearts should be increased by 75% and that input resistance should be decreased by 57% compared with neurons from normal hearts. Neurons from cardiac ganglia cultured with nerve growth factor have greater dendritic arborization; given that failing hearts have increased nerve growth factor levels, we would suspect parasympathetic neurons in failing hearts to have greater arborization as well. Because the vast majority of neuronal surface area is dendritic arborization, 35 capacitance increases and input resistance decreases in neurons from failing hearts are likely to be much greater than those based on calculations considering the soma alone. In mice overexpressing nerve growth factor, electrophysiological measurements of hypertrophied cardiomyocytes showed that even with just a 12% increase in membrane capacitance, the action potential duration, at 90% of repolarization, is increased by 142%. 14 In our laboratory, in situ electrophysiology of neurons in canine cardiac ganglia revealed that tonic patterns of neuronal activity correlate with smaller neurons and greater input resistance, whereas phasic patterns correlate with larger neurons and lower input resistance; the largest neurons were unexcitable. 35 Hypertrophied neurons in failing human hearts may, therefore, convert from tonic to phasic patterns or, possibly, fail to reach threshold. The net effect of morphological changes in cardiac ganglia in heart failure will be significantly decreased excitability, possible changes in firing pattern, and, ultimately, reduced vagal tone and decreased acetylcholine release onto the myocardium. The only other description of somal hypertrophy of neurons in cardiac ganglia with myocardial hypertrophy, apart from this one, is a qualitative time-course study by Meerson and Figure 6 . Western blot analysis reveals that nerve growth factor protein levels in the explanted, failing human heart are greater than 250% of those in normal donor hearts; in one failing heart the levels of nerve growth factor are greater than 500% of those in normal controls. The bands representing nerve growth factor migrated at approximately 146 kD,* the molecular weight for nerve growth factor. Krokhina. 36 After aortic banding in rabbits and canines, they found that neurons in cardiac ganglia began to enlarge within days, 2 or more months after aortic banding neurons became notably hypertrophied, and 2 years after banding, neurons in cardiac ganglia remained noticeably hypertrophied. 36 Similar to our observations, Meerson and Krokhina reported an edematous and pale appearance to the hypertrophied neurons in hypertrophied hearts. 36 Recently, canines with pacing-induced heart failure were shown to have increased diameter of parasympathetic nerve bundles in the left atrium. 37 These observations are consistent with ours of somal hypertrophy; however, the authors did not consider the size principle 29 or somal hypertrophy and suggest that increased fiber diameter leads to increased vagal activity in heart failure. 37 This is contrary to many lines of evidence and Bibevski and Dunlap have shown directly that cardiac ganglia are the site of defective vagal neurotransmission in heart failure. [3] [4] [5] 10 In a separate study, high-frequency stimulation of atrioventricular ganglia and surrounding myocardium in canines led to increased expression of nerve growth factor, likely because of local pacing-induced failure of atrial tissue that then, much like in heart failure, led to hypertrophy of neurons in cardiac ganglia; 38 these authors also did not consider the size principle 29 and suggest that increasing nerve growth factor levels and the resulting neuronal hypertrophy will actually increase vagal activity. 38 
Nerve Growth Factor and Hypertrophy
Our Western blot analysis is the first direct demonstration of nerve growth factor changes in the myocardium of the failing human heart. Our findings are consistent with the vast majority of the literature examining nerve growth factor in myocardial hypertrophy and failure, aging, and pathophysiological stress. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 23 Other lines of evidence including changes in endothelin-1 in heart failure, studies of myocardial ischemia and infarction, and studies of bladder and gut hypertrophy also corroborate our findings. 16, 22, 26, 27, 39, 40 Certain discrepancies exist in the literature, though, based on studies of norepinephrine-induced heart failure in rats and indirect, transcardiac plasma measurements of nerve growth factor in patients with heart failure 24, 41, 42 ; plausible explanations are discussed. Recently, Wistar rats with pressure-induced right ventricular hypertrophy were shown to have significantly greater concentrations of nerve growth factor in the right ventricle compared with controls. 19 Trypanosoma cruzi-induced myocarditis in rats, a model for Chagas' also leads to significant increases in nerve growth factor in the myocardium. 18 Based on glyoxylic acid histofluorescence the authors suggest sympathetic denervation of the myocardium; 18 most studies, though, correlate nerve growth factor overexpression with increased sympathetic innervation. 13, 17, 25, 42 However, glyoxylic acid histofluorescence is an insensitive technique compared with immunodetection but is used in many studies to qualitatively stain for catecholamines in nerve fibers and extrapolate the histofluorescence to the density of sympathetic nerve fibers. 24, 41 Given that catecholamine uptake is severely compromised in heart failure, though spillover is significantly increased, 43 catecholamine histofluorescence will not reflect sympathetic nerve fiber density but rather would reflect diminished catecholamine content of the nerve fiber. Further, markers such as tyrosine hydroxylase or catecholamines are ambiguous as sympathetic markers because some 70% of "parasympathetic" neurons in cardiac ganglia express tyrosine hydroxylase and catecholamine immunoreactivity. 44, 45 Measurements of nerve growth factor in rats show significant correlation of nerve growth factor level with increases in age and heart weight but no such correlations with increases in skeletal muscle weight. 15 On the basis of these observations, Stuerenburg and Kunze 15 postulated that increases in nerve growth factor in excess of age-related changes would lead to pathological cardiac hypertrophy caused by increased sympathetic drive and cardiac catecholamines. Their hypothesis is consistent with our findings; we further propose that nerve growth factor increases in cardiac hypertrophy and failure lead to morphological, electrical, and neurochemical changes in vagal postganglionic neurons of cardiac ganglia. Such changes further tip the autonomic imbalance toward sympathetic overactivity due to parasympathetic withdrawal. Restraint stress in rats increases cardiac and vascular nerve growth factor levels and endotoxemic stress from gastric perforation leads to increases in cardiac endothelin-1, nerve growth factor, and, subsequently, sympathetic markers; 20, 23 anti-inflammatory steroidal therapy during sepsis reduces both endothelin-1 and nerve growth factor levels toward normal. 23 Endothelin-1 is known to be elevated in human heart failure and correlates with New York Heart Association functional classification and ventricular dysfunction. 39, 46, 47 Importantly for this discussion, endothelin-1 upregulates nerve growth factor; 42 thus, elevated endothelin-1 in heart failure would predict elevated levels of nerve growth factor as well. Thirty minutes after ischemia and reperfusion, nerve growth factor message and protein levels increase in the peri-ischemic region and from 2 to 120 hours message levels are increased more than 4-fold. 16 After an infarct, myocardial tissue in the peri-infarct region has significantly higher levels of nerve growth factor message and protein, whereas remote to the infarct, nerve growth factor expression is unchanged. 46 In mice, blocking nerve growth factor postinfarction increases apoptosis, reduces neovascularization, and worsens left ventricular function, presumably because of decreased sympathetic drive. 22 Alternatively, administration of nerve growth factor after an infarct decreases apoptosis, increases neovascularization, and improves left ventricular function. 22 Postinfarct, the heterogeneity of nerve growth factor expression over the myocardium leads to heterogeneous sympathetic innervation, dispersion of refractoriness of the myocardium, and, thus, predisposition to reentrant arrhythmias. Given that ischemia and, often, multiple infarcts secondary to coronary artery disease are consistent with the pathophysiology of ischemic heart failure, we would expect increased levels of nerve growth factor in failing, ischemic hearts. The progression from cardiac dilation and hypertrophy to failure is a positive-feedback, downward spiral. Depending on where in the spiral the patient may be, nerve growth factor-induced sympathetic activity is beneficial early, as increased sympathetic drive helps to meet demands for tissue perfusion, but detrimental later, as increased sympathetic tone and catecholamine spillover along with parasympathetic withdrawal drive the heart further and further into failure. 1, [6] [7] [8] [9] 19, 43, 47 The only other study to examine nerve growth factor levels in human heart failure is one in which transcardiac arteriovenous blood nerve growth factor levels were measured and reportedly diminished. 24 Nerve growth factor is present in vanishingly low concentrations in the myocardium, and we suspect that measurements of arteriovenous differences may be a poor reflection of myocardial levels; our study and other recent studies bring these previous findings 24 into question. 18, 19, 38, 48 In the same study and two similar ones, rats chronically infused with catecholamines are found to have decreased levels of nerve growth factor in the myocardium. 24, 43, 44 Chronic administration of catecholamines in otherwise healthy rats, however, would lead to negative feedback reductions in nerve growth factor levels and does not model in vivo neurotrophic cascades of heart failure. Given that sympathetic overactivity and catecholamine spillover along with parasympathetic withdrawal are the final common pathways in heart failure, exogenously administered catecholamines will certainly lead to myocardial hypertrophy and failure. In human heart failure, though, the neurotrophic cascade likely begins with increases in endothelin-1, triggered by oxidative, inflammatory, hemodynamic, or infectious stressors that then upregulate nerve growth factor; subsequently, nerve growth factor increases sympathetic drive and myocardial catecholamine spillover along with decreased vagal tone due to nerve growth factor induced morphological, electrical, and neurochemical changes within cardiac ganglia. 9, 13, 18, 19, 25, 40 Knocking down nerve growth factor levels by passive immunization or via viral vectors should normalize endogenous levels and ameliorate the autonomic imbalance induced arrhythmogenesis, myocardial hypertrophy, and failure of the heart. 6, 13, 19, 26, 49 
